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ABSTRACT 
Due to environmental health and nutrient impact concerns, the conventional on-site 
sewage collection, treatment, and disposal systems are no longer able to meet the nutrient 
reduction requirements for wastewater effluent and may represent a large fraction of pollutant 
loads. The loads include not only nitrogen (N) and phosphorus (P), but also pathogens such 
as fecal coliform and E. coli which indicate the presence of other disease-causing bacteria 
flowing into aquatic system that adversely affect public health. A subsurface upflow wetland, 
which is an effective small-scale wastewater treatment system with low energy and 
maintenance requirements and operational costs, fits the current nutrient and pathogen 
removal situation having received wide attention throughout the world. Within this research 
study, a subsurface upflow wetland system (SUW), including four parallel SUW (three 
planted versus one unplanted), were constructed as a key component of the septic tank system 
receiving 454 liters per day (120 GPD) influent using the green sorption media along with 
selected plant species. It was proved effective in removing both nutrients and pathogens. 
During a one month test run, the planted wetlands achieved a removal efficiency of 84.2%, 
97.3 %, 98.93 % and 99.92%, compared to the control wetland, 10.5%, 85.7 %, 99.74 % and 
100.0 %, in total nitrogen (TN), total phosphorus (TP), fecal coli and E.Coli, respectively. 
Denitrification was proved to be the dominant pathway for removing N as evidenced by the 
mass balance and real-time PCR analyses. A simplified compartmental dynamics simulation 
model of constructed subsurface upflow wetlands was also developed to provide a 
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dependable reference and tool for design of constructed subsurface upflow wetland.
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CHAPTER 1: INTRODUCTION 
 
1.1. Overview 
While a majority of residents in the United States are served by centralized 
wastewater treatment facilities, more than 25 million homes, or 25 percent of the U.S. 
population, still use on-site wastewater treatment systems to meet their wastewater treatment 
and disposal needs (USEPA, 2003).  The most common type of on-site wastewater treatment 
(OSWT) is the septic system consisting of four main components - indoor plumbing, the 
septic tank, the drainfield, and the soil for percolation. As the nutrient impact on groundwater 
quality becomes a concern, conventional OSWTs are no longer able to fully conform to the 
gradually tougher nutrient water quality standards. The current major concern of OSWTs is 
that a large fraction of nutrient loads, such as nitrogen and phosphorus, flow into the aquatic 
system and adversely affect water quality and public health. Such a development underlines 
the actual requirements for a more sustainable approach in handling on-site wastewater 
effluent disposal.  
Comly (1945) has been credited with the first recognition of the risk of nitrite and 
nitrate in water. Methemoglobinemia or "blue-baby" syndrome, a potentially fatal blood 
disorder in infants was reported to be caused by over 10 mg/L Nitrate levels (Walton, 1951).  
After Comly‟s statement became widely accepted, the U.S. Public Health Service (USPHS) 
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and U.S. Environmental Protection Agency (USEPA) successively set 10 mg/L of nitrate 
nitrogen and 1 mg/L of nitrite nitrogen as an upper limit for the safety of drinking water. 
However, there have been a number of reported cases of methemoglobinemia caused by 
nitrate at less than 10 ppm in drinking water (Sattelmacher, 1962). Besides the obvious 
cyanosis, there are a number of serious long-term, chronic impacts following exposure to 
high nitrate drinking water ranging from hypertrophy of the thyroid (van Maanen, et al. 1994), 
cancer (Fraser, 1980; Forman, 1985 and Mirvish, 1991) and birth defects. Hence, the drinking 
water standard for nitrate in European Economic Community is about twice as strict as the 
U.S. standard (e.g., even as low as 4.4 ppm in Germany and South Africa). Ammonia is 
another important parameter usually monitored in routine wastewater treatment. Ammonia in 
water can be tasted at levels of about 34 ppm (Campbell, 1958). The presence of elevated 
ammonia levels in raw water can result in mouldy, earthy-tasting water that may interfere 
with the operation of manganese-removal filters (Dieter, 1991). Furthermore, too much 
phosphate can cause kidney damage and osteoporosis.  
The transition of nitrogen from one phase to another is commonly referred to as the 
nitrogen cycle. Ammonia combines with organic materials to create ammonium (NH4
+
). In 
the presence of ammonia-oxidizing bacteria (AOB) and nitrite-oxidizing bacteria (NOB), 
ammonium is converted to nitrite (NO2
-
) and further to nitrate (NO3
-
). These two reactions are 
collectively called nitrification. Denitrification, conversely, performed by denitrifying 
community, is an anaerobic respiration process using nitrate as a final electron acceptor and 
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result in stepwise microbiological reduction of nitrate, nitrite, nitric oxide (NO), nitrous oxide 
(N2O) to nitrogen gas (N2). Nitrate removal rates are directly influenced by the relatively 
slow growing bacteria that govern nitrification and denitrification. The optimal pH range for 
denitrification is between 6.0 and 8.0 (Piezynski et al., 2005). Above 15 ℃, denitrification 
rate increases with the temperature (Keeney et al., 1979). Optimal temperature for the 
denitrifiers was found to be 30℃ approximately (Piezynski et al., 2005). Phosphorus may be 
removed in either an aerobic or anaerobic environment and is usually removed through 
precipitation and sorption onto soil media. To remove nitrogen (N) and phosphorus (P), a 
wide range of alternative on-site wastewater treatment systems were developed. Aerobic 
treatment units are designed to better treat wastewater than the conventional method with 
septic tanks alone (Ivery, 1996). An aeration chamber is the most important compartment in 
aerobic treatment units where a pump supplying a constant flow of air and a stirring 
mechanism are used to oxygenate the water, creating optimum conditions for aerobic 
organisms to decompose organic compounds. The application of the aerobic treatment units 
may significantly reduce the health risk. The main disadvantages associated with aerobic 
treatment units are the need for external power source and higher maintenance level required 
to ensure proper system operation. Sand filters in conjunction with a septic tank or an aerobic 
treatment unit are an alternative that is commonly used to provide additional treatment for 
effluent before it is discharged. The main function of sand filter is to reduce the amount of 
suspended solids and dissolved organic material present in the water. Microorganisms 
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attached to the sand particles are able to aerobically digest the organic material within the 
wastewater. Havard et al. (2008) used six lateral flow filters (LFSFs) for their treatment of 
septic tank effluent. They evaluated the effects of slope and sand characteristics based on 
satisfactory performance of LFSFs: biological oxygen demand (BOD) (98.5%), total 
suspended solids (95.5%), and E. coli (5.4 log reduction). Phosphorus removal ranged from 
98% in the fine sand to 71.2% in the coarse sand filter. TN removal ranged from 60 to 66%. 
However, owners need to periodically rake and replace clogged surface sand. regardless of 
the disadvantages of each of these two on-site wastewater treatment alternatives mentioned 
above, it can be seen that denitrification in these two alternatives does not come up to 
expectations due to the presence of aerobic environment. To date, the (United States 
Environmental Protection Agency (USEPA) and numerous states are imposing stricter 
standards for the release of TN (as a combined measurement of ammonia-N and nitrite-N and 
nitrate-N), phosphorus and pathogenic bacteria (normally coliforms) released by septic 
systems to conventional leach fields. Hence, there is an urgent need to find a more effective 
unit operation to help septic tank system meet the upcoming USEPA regulations. 
Wetland has been playing an important role in water conservation, climate regulation, 
soil erosion control, flood storage for use in drought, environment purification, etc. Based on 
the same principle for wastewater purification using natural wetlands, the man-made 
constructed wetland with effective management can strengthen its ability to improve the 
effluent water quality. The wetland system removes nitrogen in the water through a variety of 
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mechanisms including biological, physical and chemical reactions. Its biological functions 
such as ammonification, nitrification-denitrification and plant uptake under appropriate 
conditions are regarded as the core players for nitrogen removal. Precipitation of particular 
form of phosphorus is the main path for phosphorus removal. Besides, microbial absorption 
and accumulation also plays a role. The constructed wetland can be divided into two main 
types: free water surface flow (SF) wetland and subsurface flow (SSF) wetland. Surface flow 
wetlands (SF) include emergent vegetation, some sort of subsurface barrier to prevent 
seepage, soil or medium to support the emergent vegetation, and a water surface above the 
substrate. This kind of constructed wetlands is particularly efficient in the pathogens removal, 
due to the high exposure of the wastewater to the UV component of the sunlight. However, 
such system provides an ideal terrain to breed mosquito and the denitrification may be 
reduced due to the exposure of the wastewater to the air. In the subsurface flow systems 
(SSF), the wastewater is fed in the inlet and passes the filter medium under the surface of the 
subsurface until it reaches the outlet. Due to a long retention time of the wastewater in the 
filter, nitrogen reduction is significant with horizontal flow systems, but full nitrification is 
limited due to a lack of oxygen that is characteristic for this kind of systems.  
How to prove that the denitrification occurs in wetland media? Quantifying 
denitrifying bacteria and finding the dominant species in reaction system may provide a 
theoretical basis for the establishment of new denitrification technology applying into the 
design and operation of wastewater treatment. Since the reduction of nitrite to nitric oxide, is 
6 
 
the core step in the dissimilative denitrification process, the two nitrite reductase gene, nirK 
and nirS, encoding the cd1 and copper nitrite reductase, respectively, were regarded as the 
key denitrifying enzyme, and most used to measure the denitrification in this area. Gesche 
Braker et al. (1998) validate the suitability of the method for the qualitative detection of 
denitrifying bacteria by using nirK and nirS targeted primer in environmental samples. 
Recently, more and more papers focus on the quantifying the denitrifiers in different 
environmental samples. Priemé et al. (2002) studied the diversity of nitrite reductase (nirK 
and nirS) gene fragments in forested upland and wetland soils. They found that nirK gene 
fragments could be amplified from both soils, while nirS gene fragments could be amplified 
only from the marsh soil. Kandeler et al. (2006) measured the abundance of narG, nirS, nirK, 
and nosZ genes of denitrifying bacteria in a glacier foreland. But little literature involves the 
measurement for denitrifying bacteria in media filled in constructed wetlands. With the 
current advancement in real–time PCR biotechnology, there is now a device that is used to 
respond to an acute need to identify and evaluate the natural processes that control the 
denitrification in wetland media. 
1.2. Objectives 
In this study, a new type of sorption medium was used for both nitrogen and 
phosphorus removal. Through various physical, chemical, and biological processes, most 
bacteria and viruses in wastewater, as well as nutrients, are consumed as the wastewater 
effluent travels forward up through the layers of pollution control and growth medium before 
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meeting the root zone. With this initial testing plan, the objectives of this research are to 
assess: 
 (1) The performance of an upflow subsurface constructed treatment wetland for 
treating on-site wastewater; 
 (2) The compliance to water quality standards by using an innovative sorption 
medium;  
 (3) The overall role of the vegetation cover; 
 (4) The evaluation of denitrifiers activity in designed sorption medium; 
 (5) The feasibility of designed dynamic model related to nutrient removal; 
1.3. Limitations  
The limitations of this research are related to the climate conditions in central Florida and the 
physical set up of the SUW. Every effort was made to duplicate an actual waste flow and 
installation practices for SUWs. A State approved laboratory was used for the chemical and 
biological analyses, while new research methods for organism identification lead to a 
validation of assumed removal mechanisms.   
8 
 
CHAPTER 2: NUTRIENT AND PATHOGEN REMOVAL BY SUW 
 
2.1. Introduction 
While residents in towns and cities are served by centralized wastewater treatment 
facilities, more than 25 million homes, or 25 percent of the U.S. population, still use on-site 
wastewater treatment systems to meet their wastewater treatment and disposal needs (USEPA, 
2003). Elevated nutrient and pathogen levels in groundwater may cause health problems in 
children and may impair or destroy environmentally sensitive habitat. Increased nutrient and 
pathogen concentrations in surface waters may also lead to excess plant and algal growth and 
other water pollution problems. When plants and algae respire, die and decay, results are 
lower dissolved oxygen levels and overall water quality. Wetlands for the removal of nitrogen 
and phosphorus are a more cost-effective candidate option because of low energy, 
maintenance requirements and operational cost.  Wetlands have earned renewed interest for 
on-site wastewater treatment and disposal. During the  wetland design phase, the topics as to 
how to optimally assemble the physical, chemical and biological efforts to remove nutrient 
loadings through choosing and collocating the different kinds of sorption media and 
vegetation captures undivided attention throughout the world. Moreover, the potential of 
constructed wetland for treating specific wastewater has been explored continuously as 
evidenced by a large body of literature. Steer (2002) evaluated the effectiveness in improving 
water quality of a single-family septic tank/constructed wetland system in Ohio. They 
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concluded that domestic treatment wetlands can reduce output of fecal coliform 88 ± 27%, 
total suspended solids 56 ± 53%, biochemical oxygen demand 70 ± 48%, ammonia 56 ± 31% 
and phosphorus 80 ± 20%. Mbuligwe (2005) presented the performance of a coupled septic 
tank/engineered wetland (ST/EW) system for treating and recycling from a small community. 
The coupled ST/EW system was able to remove ammonia by an average of 60%, nitrate by 
71%, sulfate by 55%, chemical oxygen demand (COD) by 91%, and fecal coliform as well as 
total coliform by almost 100%. Tanaka et al (2006) tried an integrated system of emergent 
plants and submerged plants to polish the effluent from a septic tank treating domestic 
sewage from a student dormitory. The overall pollutant removal efficiencies were 65.7% 
BOD, 40.8% COD, 74.8% ammonium nitrogen (NH4
+
-N), 38.8% nitrate nitrogen (NO3
−
-N), 
61.2% phosphate (PO4
3−
), 65.8% total suspended solids (TSS), and 94.8% fecal coliform. 
A thorough review of the use of constructed wetlands with horizontal sub-surface 
flow for various types of wastewater covering municipal, industrial and agricultural sectors 
can be seen in the literature (Vymazal, 2009). Various media have been studied and suggested.  
It was shown that green sorption medium consisting of recycled and natural materials provide 
a favorable environment for nutrient removal (Xuan et al., 2009).  Integration between 
different wetland species and green sorption media was not yet been examined to explore a 
cost effective and sustainable solution.  
The objectives of this study are assessed using a full scale field application to 
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demonstrate the application potential of such a passive on-site wastewater treatment system at 
the University of Central Florida. 
2.2. Materials and Methods  
2.2.1. Site Description and Experimental Design 
A SUW receiving septic effluent from a 15 person BPW Scholarship House handles 
454 m
3 
(120 gallon) per day influent for this wastewater treatment study. The septic tank has 
a size of 1000 gallons per day providing 2-3 days hydraulic retention time (HRT). A 
gravel-filled gravity distribution system including header pipe, flow regulator distribution 
box, distribution pipe, flow meter, and four wetland cells packed with special green sorption 
media. Within the full scale field study, a new set of green sorption media was used for both 
nutrient and pathogen removal in the SUW. Since gravel with the higher porosity was used as 
the substrate at the bottom of each cell, an innovative upflow (i.e. Outlet of SUW is higher 
than inlet) design was introduced to foster an uniform upflow hydraulic pattern and an 
amenable nitrification-denitrification environment as well as to avoid clogging and flooding, 
which overcomes the main disadvantage of the conventional subsurface flow wetlands. 
Besides, such design may result in maximal reduction of the effect of stormwater. Part of 
rainwater drains from the higher outlet directly instead of mixing with the wastewater, which 
provides for a more accurate evaluation of our designed SUW performance. Through various 
physical, chemical, and biological processes, most bacteria and viruses in wastewater, as well 
as nutrients, are consumed and intercepted as the wastewater effluent travels up through the 
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pollution control layer (i.e., aerobic layer at the bottom) and growth media layer (i.e., 
comparatively anoxic layer in the middle) before reaching the root zone. Combined with the 
gravel layer and the “Astatula” sand layer laid down beneath the pollution control layer and 
the plant species on the top of the growth media, the unique SUW may promote the pathogen, 
nitrogen and phosphorus removal via nitrification, denitrification, adsorption, absorption, ion 
exchange, filtration, and precipitation collectively. Three kinds of plant species are tested 
against the control cell with no plant species (See Fig. 2.1).  
 
Figure 2.1 Configuration of septic tank followed by 4-cell wetlands for treating septic effluent. 
There are four parallel 1.52 m wide × 3.05 m long × 0.91 m deep (5 ft wide × 10 ft 
long × 3 ft deep) cells in this test bed. As shown in Figure 2.2, each of four cells contains an 
impermeable liner, a gravel substrate, fabric interlayer, Astatula sand, pollution control media 
(PC media hereafter), growth media (G media hereafter) and selected plants. G medium layer 
(75% expanded clay, 10% vermiculite, and 15% peat moss) was used to support the root zone 
Effluent from 
BPW house 
25% septic 
tank effluent  
Septic Tank 
Distribution box 
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and a 30.48-cm (12-inch) and PC medium layer (50% Citrus grove sand, 15% tire crumbs, 
15% sawdust and 20% lime stone) was used to help nutrient removal. A 30.48-cm (12-inch) 
thick gravel substrate creates additional pore space allowing water to spread to the bottom of 
wetland more freely while minimizing short circuiting and maintaining a certain flow rate. 
The purpose of the separation fabric liner on the top of the gravel layer is to stably keep the 
sand above the gravel layer. A 15.24-cm (6-in) sand layer was then added on top of the gravel 
and beneath the PC media  to improve the removal of nutrients, pathogens and total 
suspended solid (TSS). A 30.48-cm (12-inch) layer PC media was used to remove nutrients, 
TSS, and BOD. The main function of the G media layer is to support the root zone and to 
speed up the maturation process of the treatment system. Once the gravel layer is fully 
saturated, the water level would rise up gradually, passing through the sand and PC medium 
layer up to the outlet. In each wetland, two PVC customized oxygenators (passive pipes) 
were inserted on both sides of inlet into the gravel layer to enhance the nitrification at the 
bottom of the wetland cells so as to fulfill the design ideas configured for the SUW. The 
samplers were installed at the interface between different layers with three depths. 
Horizontally, the samplers in the four wetland cells are 33%, 67% and 100% along the length 
of the wetland (See Fig. 2.2). Sample IDs here were defined for following discussion as 
below: 1) “port B”: mixture of bottom three samples, 2) “port M”: mixture of middle three 
samples, 3) “port T1”: top sample at 1/3 length, 4) “port T2”: top sample at 2/3 length, and 5) 
“port T3”: top sample at 3/3 length.  
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Figure 2.2 Section view of wetlands 
2.2.2. Selection of Plant Species and Green Sorption Media 
As an important component of wetland system, plant species have an irreplaceable 
function in the pollutants purification. In the subsurface wetland system, plant rhizosphere 
provides a potential attachment site for denitrifying bacteria in an anaerobic environment. 
Base on the characteristics of oxygen transmission, it shows an aerobic-anaerobic-anoxic 
state around the rhizosphere, the equivalent of series or parallel anaerobic–anoxic–oxic (A2O) 
processing unit. Aerobic areas near the root zone are conducive to nitrification and anaerobic 
areas away from the roots work for denitrification, both of which may perform the final 
clean-up of residual nitrogen in the septic effluent. Nitrate may thus be effectively removed 
by denitrification in rhizospheric zones. TN and TP can be removed if the plants are 
harvested routinely. Seidel‟s work (1955) is known as the first trial to use the wetland 
vegetation to remove various pollutants from wastewater. Since then, researchers had 
untiringly planted different vegetations to obtain the more desirable pollutants removal 
efficiency. Table 2.1 summarizes the literature review by using different kinds of vegetation 
Sand (15.24cm) 
G Medium (15.24cm) 
PC Medium (30.48cm) 
Gravel (30.48cm)  
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with natural soil as substrate for wastewater treatment throughout the world. 
Table 2.1 Wetland performance throughout the world by trying different kinds of vegetation  
SF Plant Removal Efficiency Reference 
1a Typha Latifolia, Phragmites 
Australis, Sparganium Erectum 
80% COD, 83% BOD, 45% TN, 
47% TP 
Cadelli (1998) 
1b Phragmites Australis, 98% SS, 87% COD, 96% BOD, 
91% TN, 60% OrthoP 
Cadelli (1998) 
1c Phragmites Australis, Scirpus 
Lacustris 
68% COD, 83% BOD, 26% TN, 
2% Ortho P 
Cadelli (1998) 
1d Lemna Sp. 96% SS, 75% COD, 90% BOD, 
43% TN, 47% TP 
Cadelli (1998) 
1e Lemna Sp. 98% SS, 96% COD, 94% BOD, 
49% TN, 49% TP 
Cadelli (1998) 
1f Phragmites Australis, 87% COD, 97% BOD, 89% TN, 
46% TP 
Cadelli (1998) 
SSF Plant Removal Efficiency Reference 
1 Phragmites 90% COD, 96% BOD, 92% SS, 
63% TP, 36% TN 
Haberl (1998) 
2 Scirpus Cyperinus, Typha 
Latifolia 
73.4%  NH4
+
-N, 67.5% TKN Huang (2000) 
3a Typha Latifolia, T. Angustofolia, 
Scirpus Taebormontanii 
92% BOD, 87% TSS, 99.6% Fecal, 
41% TN, 50% TP 
Henneck 
(2001) 
3b Typha Sp. 82% BOD, 86% TSS, 92.4% Fecal, 
51% TN, 59% TP 
Henneck 
(2001) 
3c Typha Latifolia 83% BOD, 81% TSS, 99.9% Fecal, 
54% TN, 97% TP 
Henneck 
(2001) 
4a Phragmites Mau 
Ritianus 
25.2% NH4
+
-N, 56.3% COD, 57% 
TC, 68% FC 
Kaseva (2004) 
4b Typha Latifolia 23% NO2-N, 23% NH4
+
-N, 60.7% 
COD, 60% TC, 72% FC 
Kaseva (2004) 
5a Cyperus Papyrus 75.3% NH4
+
-N, 83.2% TRP Kyambadde 
(2004) 
5b Miscanthidium Violaceum 61.5%  NH4
+
-N, 48.4% TRP Kyambadde 
(2004) 
6 Phragmites Australis 30% of TP , 50% Denitrification Brix (2005) 
7 Phragmites & Typha 27% TKN, 19% NH4
+
-N, 4% 
Nitrite 
Keffala (2005) 
8a Juncus effusus L. 54% NH4
+
-N, 55% TN, 95% TP Xuan (2009) 
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8b Panicum Hemitomon 88% NH4
+
-N, 85% TN, 94% TP Xuan (2009) 
8c Zizaniopsis Miliacea 78% NH4
+
-N, 79% TN, 95% TP Xuan (2009) 
Note: Surface flow wetland (SF); Subsurface wetland (SSF); Ammonium-nitrogen (NH4
+
-N); Ammonium 
(NH4
+
); Nitrite (NO2
-
); Total Reactive  Phosphorus (TRP); Total Kjeldahl Nitrogen (TKN); Nitrite-nitrogen 
(NO2-N); Fecal Coliform (FC); total carbon (TC) total suspended solid (TSS); Biochemical Oxygen Demand  
(BOD); Chemical Oxygen Demand (COD), Total Phosphorus (TP); Total Nitrogen (TN)   
From the Table 2.1, only Phragmites Australis (in case 1b and 1f in SF) showed a 
good result with respect to the nutrients removal (about 90% TN removal). However, 
Phragmites Australis is a kind of typical emergent vegetation, which is unsuitable to be 
planted in subsurface wetland. Under the criteria for screening plant species as described in 
previous study (Xuan et al, 2009), three kinds of native vegetation with same volume and net 
price, Canna (Canna Flaccida), Blue flag (Iris versicolor L.), and bulrush (Juncus effusus L.) 
(Fig. 2.3) were ultimately selected and evenly planted in wetland cells 1, 2 and 3, respectively. 
Wetland cell 4 is the control case without having any plant species. The placement of the 
media layered green sorption media is the same in the four cells. 
 
 
 
 
 
 
 
 
Figure 2.3 Plant species selected in the study: (a) Canna; (b) Blue flag; (c) Bulrush 
 
(b) (a) (c) 
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The importance to developing specific wetland porous media instead of conventional 
soil, sand and gravel to gain better pollutants removal capacity was widely recognized. 
Mann‟s (1993) represented the pioneer trial in the early period from which the comparison of 
laboratory-scale phosphorus adsorption was conducted between regional gravels and 
alternative adsorptive media including industrial slag and ash by-products. The results 
showed the maximum adsorption capacity of regional gravels 25.8 to 47.5 µg P/g, blast 
furnace slag 160 to 420 µg P/g and fly ash 260 µg P/g, which warranted the further research 
via the inclusion of industrial waste substrata. Coombes and Collett (1995) used crushed 
basalt and limestone chippings in their horizontal flow Phragmites australis wetland. 
Ammonia-nitrogen in effluent had averaged less than 2 mg/l. Three types of root 
bed media (Lockport dolomite, Queenston shale and Fonthill sand) were used by Pant et al 
(2001). Fonthill sand showed a better performance on removing P from wastewater. Vohla et 
al (2007) tried a designed oil-shale ash derived from oil-shale combustion for P retention. 
They reported that the life cycle time was not a theoretical 8-year period, calculated from 
laboratory batch experiments, but several months due to the possible saturation or clogging in 
terms of quick biofilm development on the ash particles. Korkusuz et al (2007) carried out an 
investigation of blast furnace granulated slag (BFGS) that BFGS has high phosphorus (P) 
sorption capacity removing TP concentrations from 6.61 ± 1.78 mg L
-1
 to 3.18 ± 1.82 mg L
-1
 
due to its higher Ca content and porous structure. Park and Polprasert (2008) investigated the 
ability for P removal using an integrated constructed wetland system packed with oyster 
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shells (OS) as adsorption and filtration media. The removal efficiency of the integrated 
system was found to be 85.7% of N and 98.3% of P. Tee et al (2009) reported a better 
performance of planted constructed wetlands with raw rice husk-based media for phenol and 
nitrogen removal compared with unplanted ones. Against such a background, the study 
generated a suite of six criteria for screening competitive sustainable sorption media: 1) the 
relevance of nitrification or denitrification process or both, 2) the hydraulic permeability, 3) 
the cost level, 4) the removal efficiency as evidenced in the literature with regard to 
adsorption, precipitation, and filtration capacity, 5) the availability in Florida, and 6) 
additional environmental benefits. The differences of the new sorption media from the other 
types of media studied before can be seen in the literature (Ryan et al., 2009). After a 
long-term trial and error, the final recipe adopted in this study is: 1) Pollution Control Media: 
50% Citrus grove sand, 15% tire crumb, 15% sawdust and 20% lime stone; and 2) Growth 
Media: 75% expanded clay, 10% vermiculite, and 15% peat moss. All of the preceding 
percentages are percent by volume.  
2.2.3. Sampling and Analyses 
A 24-hr composite sample was taken at every sampling port periodically. The amount 
of the sample was taken proportional to the actual waste load. Fecal coliform and E. Coli 
samples were collected in a 100 ml sterile polyethylene container. The container was 
immediately sealed, labeled and placed in a chilled cooler of ice. A clean polyethylene jug 
was used to store each sample for other parameters analyses. Once the samples were taken, 
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the containers were stored at a chilled cooler (4
o
C) until the 24-hr composite samples were 
completed. Samples that require appropriate preservatives were taken care of according to 
quality assurance/ quality control (QA/QC) protocol. 200-ml of each sample must be filtered 
through a 0.45 µm filter. 100-ml of the filtered samples shall be preserved at less than pH 2.0. 
Each sample was delivered to the external certified laboratory in an appropriate ice chest 
within the same day to ensure the integrity of the samples.  
A mass balance analyses was conducted based on the measurements during a 
one-month study period. The TN in media was measured as the amount being stored in media. 
N2 discharge into the air was calculated as the residual term in the TN budget. By the same 
token, the TN and TP in influent and effluent were calculated as product of water flux and 
nutrient concentration. To sum the product of nutrient concentration and void volume in 
different layers as the amount of TN and TP in pore water. The amount of phosphorus 
released from plant can be ignored so long as no leaves left the plant in that period. The 
amount of uptake and release by microbes can be balanced out because there is a dynamic 
equilibrium between uptake and release by microbes. Due to technical complexity, 
precipitation in septic wetland was calculated as the residual term of the phosphorus budget. 
Ultimately, the nitrogen and phosphorus budget can be simplified by the following equations: 
dN/dt = In – Out – Uptake by plant – Sorption in media – Storage in wastewater – N2 
discharge by denitrification            (2.1) 
dP/dt = In – Out – Uptake by plant – Sorption in media – Storage in wastewater – 
Residue                                                     (2.2) 
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At the beginning and the end of the study period, samples of PC media and G media 
were randomly collected from each wetland cell and mixed together to form a composite 
sample filled in a quart size reclosable plastic bag. Similarly, samples of leaf and root were 
collected randomly in a 30×30 cm
2
 area and analyzed for measuring TN and TP uptake by 
plant tissue.  
The water quality in wetland system was monitored weekly from Sept. 2 to Sept. 30 
in 2009. Dissolved oxygen (DO), pH, and temperature were measured on site by HACH HQd 
field case. In addition to those parameters requiring a grab sample analyses mentioned above, 
NH4
+
, nitrite-nitrogen (NO2-N), nitrate-nitrogen (NO3-N), organic nitrogen-nitrogen (ON-N), 
total nitrogen (TN), organic phosphorus (OP-P), soluble reactive phosphorus-phosphorus 
(SRP-P) and total phosphorus (TP) were measured by a certified lab (Table 2.2). All media 
and plant samples were collected on Sept. 2 and Sept. 30 as representative samples in the 
initial and final stages of the experimental period. Media samples were delivered to a soil 
laboratory in Pennsylvania State University (PSU) for analyses. Plant samples were sent to an 
agricultural lab located in Orange City, Florida. For real-time PCR analyses at University of 
Central Florida (UCF), each media sample from different wetlands was collected into a 
1.5mL microcentrifuge tube, kept at -20 °C until use.  
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Table 2.2 Outline of analyses methods 
Parameter Analytical Method 
Testing 
Location 
pH USEPA 150.1 On Site 
Ammonia-N EPA 350.1 Certified lab 
Nitrite-N EPA 353.2 Certified lab 
Nitrate-N EPA 353.2 Certified lab 
Organic nitrogen-N EPA 350.2 Certified lab 
Soluble reactive 
phosphorus-P 
EPA 365.3 Certified lab 
TP Alkaline Persulfate digestion Certified lab 
Dissolved oxygen Manufacturer manual On Site 
Temperature Manufacturer manual On Site 
Uptake by plant 
N: Kjeldahl digestion 
Agricultural lab 
P: wet digestion with nitric and perchloric acids 
Nutrient sorption in media DTPA Saturated Media Extract Method Certified lab 
Quantity of denitrifiers Real-time PCR UCF lab 
 
The detailed procedure of Deoxyribonucleic acid (DNA) extraction and the real-time 
polymerase chain reaction (real-time PCR) was well addressed by a companion study (Xuan 
et al, 2009). The real-time PCR was applied to gain insight in regard to the denitrifiers' 
activity across the green sorption media given that the substrate and enzyme are not the 
limiting factors in the treated effluent. Both PC and G medium samples from each wetland 
were collected into 1.5mL microcentrifuge tubes, and kept at -20 °C until use. DNA from the 
sample was extracted in duplicate by using a SoilMaster® DNA Extraction Kit (EPICENTRE) 
and 50 mg of the sample instead of 100 mg (default value in instruction) was weighed into 
the 1.5 mL microcentrifuge tube in order to decrease the effects of enzymatic inhibitors. The 
300 L extracted DNA template was finally prepared. Real-time PCR quantification was 
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performed on the Stepone® (Applied Biosystems) PCR instrument to amplify nirK gene from 
the dinitrifier. A pair of primers: nirK 876 (5‟-ATYGGCGGVCAYGGCGA-3‟) and nirK 
1040 (5‟-GCCTCGATCAGRTTRTGGTT-3‟) (Braker et al, 1998) were used to amplify the 
target gene. The PCR mixture was prepared in a total volume of 25 L using 12.5 L of the 
SYBR Green PCR Master Mix kit, 10 M of each primer, standard DNA or extracted DNA 
from samples and Diethylpyrocarbonate (DEPC)-treated water to complete the 25 L volume. 
The PCR protocol for nirK real-time PCR were 120 s at 50 °C, 900 s at 95 °C afterwards six 
touchdown cycles were performed: 15 s at 95 °C for denaturation, 30 s at 63 °C for annealing, 
30 s at 72°C for extension and 30 s at 80 °C for a final data acquisition step. The annealing 
temperature was progressively decreased by 1 °C down to 58 °C. Finally, a last cycle with an 
annealing temperature of 58 °C was repeated 40 times (Henry et al., 2004). 
2.3. Results and Discussion 
2.3.1 Pathogen and Nutrient Removal 
The wetland system was monitored weekly from Sept. 2 to Sept. 30, 4 times totally 
(Tables 2.3 and 2.4). During the 4 runs, mean count of fecal coliform in influent was 907,000 
cfu/100ml. Mean influent count of E.Coli was 480,000 cfu/100ml. These wetlands 
individually reduce fecal coliform from 99.13% to 99.98% and E.Coli from 99.80% to 100% 
(Table 2.4) Pathogen counts in effluent from each cell were below the EPA recommended 
1000 counts/100 ml in 93.8% of samples (30 of 32). Half of effluent samples were below the 
EPA MCL standard which requires zero cfu of both fecal coliform and E.Coli for drinking 
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water. For the effluent of Wetland 1, there was always a zero cfu for E.Coli, or 100% removal 
efficiency and showed a different pattern for fecal coliform (Fig 2.4a). Port M got the best 
results and Port T3 performed better than Port T1 and T2. In the rest of cells, the highest 
removal efficiency appeared in port T1 and gradually increased until port T3. 
Table 2.3 The variations of water quality in the different SUWs 
Parameter After septic Wetland 1 Wetland 2 Wetland 3 Wetland 4 
Fecal Coliform 
(10
3
cfu/100ml) 906±761 0.07±0.11 1.74±01.49 0.08±0.12 0.08±0.13 
E. Coli (10
3
cfu/100ml) 480±528 < 0.001 0.02±0.03 0.06±0.10 0.003±0.002 
BOD5 (mg/l) 44.5±19.7 4.4±1.8 4.3±2.1 5.7±1.6 9.6±3.9 
CBOD5 (mg/l) 28.6±10.1 3.2±0.8 3.5±1.2 4.7±1.3 5.2±0.7 
NH3 (mg/l) 56.1±1.9 0.8±0.5 1.2±0.2 21.5±15.7 51.8±23.1 
TN (mg/l) 69.7±4.1 2.1±0.4 4.8±3.7 25.7±16.2 62.8±16.6 
SRP (µg/l) 3974±483 18±7 39±38 15±6 27±27 
TP (mg/l) 5574±156 96±30 242±197 112±32 800±349 
          
Table 2.4 Removal efficiency over the SUW compared to the control (wetland 4) 
Parameter Removal efficiency (%) 
Wetland 1 
(Canna) 
Wetland 2 
(Blue Flag) 
Wetland 3 
(Bulrush) 
Wetland 4 
(Control) 
Fecal Coliform 99.98 97.06 99.76 99.74 
E. Coli  100.00 99.94 99.80 100.00 
BOD5 89.4 89.6 85.2 75.2 
CBOD5  87.6 86.5 81.1 79.5 
NH3 98.6 97.9 62.0 27.6 
TN  97.1 93.0 62.5 10.5 
SRP  99.5 99.0 99.6 99.3 
TP  98.3 95.7 98.0 85.7 
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(a) Wetland Cell 1 (Canna) 
(b) Wetland Cell 2 (Blue Flag) 
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Figure 2.4 Pathogen count in different cells: (a) Wetland 1 (Canna); (b) Wetland 2 (Blue flag); (c) Wetland 
3 (Bulrush); (d) Wetland 4 (Control) 
 
(c) Wetland Cell 3 (Bulrush) 
(d) Wetland Cell 4 (Control) 
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Figure 2.5 Dissolved oxygen in different cells 
Figure 2.5 shows the dissolved oxygen in different cells. The oxygenators were used. 
The average DO increased sharply from 1.25 mg/L in septic effluent to 3.26 in port B and 
then slightly decreased layer by layer. The extreme high DO value and variation in port T3 of 
cell 2 was caused by excessive siphoned air when the wastewater was insufficient to be 
collected. For the nutrient removal, Figure 2.6 illustrates the variation of NH3 and TN 
concentrations in the septic tank effluent and effluent from the four constructed wetland cells 
during four runs. The mean concentration of ammonia in the septic effluent was 56.1 ± 1.9 
mg/L in the septic tank effluent. Mean ammonia removal efficiencies of the wetland system 
were 98.6%, 97.9%, 60.2% and 8.1% in Wetland cells 1, 2, 3 and 4, respectively. TN 
concentration of waste water after septic tank (wetland influent) ranged from 64.8 mg/L (Sept. 
23) to 75.4 mg/L (Sept. 9 2009). The mean concentration of TN in the septic tank effluent 
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was 69.7 ± 4.1 mg/L. The mean concentrations of TN in the effluent from four wetlands were 
2.1 ± 0.4mg/L, 4.8 ± 3.7 mg/L, 25.7 ± 16.2 mg/L and 62.8 ± 16.6 mg/L, respectively. The 
overall TN removal in the wetlands was 65.8%. Since the wastewater from the dormitory 
consists mostly of water used for bathing, all (NO3-N) and (NO2-N) concentrations in raw 
water and subsequent wetland effluent were far below the USEPA Maximum Contaminant 
Level (MCL) standard of 10 mg/L of (NO3-N) and 1 mg/L of (NO2-N), and will not be 
further described in detail. It is clear from Figure 2.6 that the three wetlands with the 
vegetation planted had better removal of TN compared with control cell. 
 
Figure 2.6 Comparison of NH3 and TN concentrations of the septic effluent and wetland effluents 
Figure 2.7 shows the variation of SRP and TP concentrations in the septic tank 
effluent and effluent from the four wetland cells. The mean concentration of SRP in the septic 
effluent was 4.0 ± 0.5 mg/L in the septic tank effluent. Mean SRP removal efficiencies of the 
27 
 
wetland system were 99.5 %, 99.0 %, 99.6 % and 99.3 % in wetland cells 1, 2, 3 and 4, 
respectively. In our case, SRP forms about 71.3 % of TP. The TP concentration in septic 
effluent ranged from 5.3 mg/L (Sept. 23) to 5.7 mg/L (Sept. 2 2009) with mean concentration 
of 5.6 ± 0.2 mg/L. The mean concentrations of TP in the effluent from four wetland cells 
were 0.10 ± 0.03 mg/L, 0.24 ± 0.20 mg/ L, 0.11 ± 0.03 mg/L and 0.80 ± 0.35 mg/ L, 
respectively. Although the vegetation uptakes a certain amount of phosphorus, known from 
the higher P concentration in W4 effluent, the overall TP removal in the wetlands was 99.4 %, 
which fully demonstrated the strength of our green sorption media for phosphorus removal. 
The four wetland cells contributed to a critical role for removal of TP with having only slight 
fluctuations in terms of removal efficiencies.  
 
Figure 2.7 Comparison of SRP and TP concentrations of the septic effluent and wetland effluents 
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The Table 2.5 below shows which wetland removed the most nutrient in each run 
and its removal efficiency. Wetland 1 had the highest TN and NH3 removal efficiency with 
one exception (Sept. 9 2009). Given the fact that NH3 forms about 80.4 % of TN in our case, 
the variation of NH3 removal looks similar to that of TN. There was a strong positive 
correlation between NH3 removal and TN removal, which verified the complete nitrification 
and denitrification as well. Most NH3 was converted of the nitrate, and the nitrates produced 
in the aerobic layer were almost completely removed within the hydraulic retention time. The 
Table 2.5 also shows which wetland performed best in SRP and TP removal and their removal 
efficiency. Each wetland got the best removal efficiency occasionally due to nearly perfect 
removal efficiency in all four cells. 
 
Table 2.5 Comparative performance in each run and its removal efficiency. 
Sampling Date TN NH3  TP  SRP 
Sept. 2, 2009 97.4%, I 98.2%, I 98.2%, III 99.4%, III 
Sept. 9, 2009 96.6%, II 98.1%, II 97.8%, I &II 99.6%, II&III 
Sept. 16, 2009 96.6%, I 99.3%, I 98.5%, I 99.8%, IV 
Sept. 23, 2009 97.1%, I 99.5%, I 99.0%, I  99.7%, III 
  Note: Roman numerals I, II, III, and IV stand for wetland cells 1, 2, 3 and 4, respectively. 
As mentioned above, the samples collected at Port T3 reflected the effluent water 
quality and can be used as comparative basis to calculate the removal efficiencies. To gain a 
better understanding in regard to the flow path within the cell and the fate and transport of 
constitutes of concern, Figure 2.8, 2.9 demonstrate the spatial distribution of nutrient among 
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four wetland cells. As expected, the concentration of all forms of N species decreased layer 
by layer. But two fundamentally different trends emerged at the top layer: (1) relative stability 
in wetland cells 1 and 2; (2) step-wise increase from port T1 to port T3 in wetland cells 3 and 
4. The N concentration patterns in cells 1 and 2 well support the design philosophy. Over 
90% of N was removed along the flow pathway. On the other hand, the step-wise increase 
from port T1 to port T3 in cell 3 and 4 resulted in the underestimation of their performance. A 
short cut near the outlet or insufficient aeration could be the reason why we have such 
discrepancies. The removal efficiency of cells 3 and 4 can be enhanced by adding 
oxygenators in outlet side or moving the outlet to the port T1. As for all forms of P species, 
the concentrations dropped sharply except wetland cell 3, and it is evidenced that only trace 
amount of P species remained after passing through the PC media. 
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(a) Wetland Cell 1 (Canna) 
(b) Wetland Cell 2 (Blue Flag) 
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Figure 2.8 Nitrogen concentration spatial distribution: (a) Wetland 1 (Canna); (b) Wetland 2 (Blue flag); 
(c) Wetland 3 (Bulrush); (d) Wetland 4 (Control) 
(c) Wetland Cell 3 (Bulrush) 
(d) Wetland Cell 4 (Control) 
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(a) Wetland Cell 1 (Canna) 
(b) Wetland Cell 2 (Blue Flag) 
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Figure 2.9 Phosphorus concentration spatial distribution: (a) Wetland 1 (Canna); (b) Wetland 2 (Blue 
flag); (c) Wetland 3 (Bulrush); (d) Wetland 4 (Control) 
 
(c) Wetland Cell 3 (Bulrush) 
(d) Wetland Cell 4 (Control) 
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2.3.2. Mass Balance Analyses of Wetland Cells 
It would be worthwhile to see if the mass balance can be confirmed in each wetland 
cell, and if not, what is the gap? In order to answer such an engineering question, nutrient 
uptake by plants must be estimated up front using elemental analyses equipment. Based on 
Table 2.6, the growth of all three kinds of wetland plants was obvious. Canna has a relatively 
broad leaf, whose fresh biomass was about tenfold at the end of the experiment, while the 
percentage increase in root fresh biomass was almost fourfold. Bulrush with its fibrous root 
system received the twice increase of root biomass and an increased R: S ratio (belowground 
to aboveground biomass ratio). Blue flag had less biomass due to its tiny size. From Figure 
2.10, N content in leaf of three kinds of plants was inversely proportional to their biomass 
growth. Blue flag more than doubled its N content. Both blue flag and bulrush showed 
increased N content in leaf and decreased N content in root. P content in leaf and root of all 
plants decreased. Canna got a decrease of P content in both leaf and root. Blue flag and 
bulrush‟s P content in root decrease more than its leaf.  
Table 2.6 Biomass in wetland plant, g/cell 
 PLANT  LEAF ROOT 
Initial Final Net change Initial Final  Net change 
F 
R 
E 
S 
H 
Canna 970 9890 8920 1120 4040 2920 
Blue Flag 295 1185 890 699 2015 1316 
Bulrush 2890 4850 1960 1415 4180 2765 
D 
R 
Y 
Canna 83 945 862 105 405 300 
Blue Flag 41 140 99 176 275 99 
Bulrush 630 1250 620 250 760 510 
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Figure 2.10 Nutrient content in wetland plants: (a) TN in leaf; (b) TN in root; (c) TP in leaf; (d) TP in root  
After the quantification of nutrient over plant species, the next step was to quantify 
the concentrations of NO3-N and NH4-N being absorbed on the surface of green sorption 
media. Figure 2.11 shows that NH4-N, NO3-N and TP concentrations in PC medium (deeper 
layer) and G medium from the beginning to the end of the experiment. The left part of chart 
shows the initial nutrient concentration (e.g. IP1= initial value in PC medium in wetland 1). 
NO3-N remained stationary in PC medium in all four wetlands. NH4-N concentration soared 
in wetland 3 and 4 in PC medium, which is accord with water quality result. The TP 
concentration surged at the end of the experiment. The stable and extremely low NH4-N 
concentration in G medium (upper layer) of wetland cells 1 and 2 reflected complete 
(d
) 
(c
) 
(a) (b) 
(c) (d) 
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nitrification (Fig. 2.11b). Comparing the Fig. 2.11a with Fig 2.11b, high N and TP 
concentrations in wetland cells 3 and 4 were half cut by PC medium. The higher NO3-N 
concentration in wetland 4 (control) means that denitrification occurred in the PC medium in 
the other three wetland cells with the help of wetland plants for oxygen transmission.  
 
 
Figure 2.11 NH4-N, NO3-N and TP concentrations in (a) PC and (b) G medium 
Figures 2.12 and 2.13 are designed to illustrate the mass balance of the SUW. The 
sum of NO3-N and NH4-N can be roughly regarded as inorganic N absorbed by media. TN 
(a) 
(b) 
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from the wastewater was mainly lost through denitrification (see Fig. 2.12). Since the DO 
indicates an aerobic condition, the removal of NO3 must have been done in and around the 
anaerobic areas around the root systems. In planted cell, canna and bulrush removed about 
4.3% and 5.3 % of N, respectively. P uptake was much less than 1 % in each cell. For the 
unplanted control wetland, about 2% N was absorbed by the PC medium. After considering 
the pore water contribution, 80% loss of TP still remains. To aid in explaining the removal, 
consider the use of the oxygenators and the bottom of the wetland was then considered as a 
Phoredox (A/O) condition. In such a case, phosphorus accumulating organisms (PAOs) and 
other bacteria might remove phosphorus by a biological way. On the other hand, 
precipitation might be another main pathway for phosphorus removal. The mineral substance 
in gravel or sand layer and limestone in PC media might provide metal ions for precipitation.  
 
Note: Roman numerals I, II, III, and IV stand for wetland cells 1, 2, 3 and 4, respectively.  
Figure 2.12 Mass balance of N in four wetlands 
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    Note: Roman numerals I, II, III, and IV stand for wetland cells 1, 2, 3 and 4, respectively. 
Figure 2.13 Mass balance of P in four wetlands 
2.3.3. Evaluation of Dinitrifiers’ Activity 
To ascertain whether the denitrification is occurring in the green sorption media, 
this study conducted real-time PCR analyses geared toward quantifying the number of 
denitrifiers as an assessment index.  It was shown in Figure 2.14 that a certain amount of 
denitrifying bacteria is present in both the PC and G media. The quantity of denitrifying 
bacteria had a relative uniform distribution in the initial stage (bars with brick-shape pattern). 
After one-month period, denitrifying bacteria in PC and G media have significantly increased 
in almost all wetlands except P2. In particular, denitrifying bacteria in PC media of wetland 
cell 1 increased about fivefold! Also, the cell 1 has the most quantity of denitrifying bacteria 
in G media, which is consistent with the most satisfying nitrogen removal efficiency of 
wetland cell 1. Moreover, the least amount of denitrifying bacteria exists in the G media of 
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control cell. It is clear that the rhizosphere of the selected plants successfully built an 
anaerobic environment in our designed wetland under the synergism of innovative upflow 
pattern and green sorption media. The finding above further proves that the denitrification 
existed and was the dominant path for nitrogen removal. 
 
Figure 2.14 Quantity of denitrifying bacteria (P1= PC medium in wetland 1, G1= G medium in wetland 1) 
 
2.4. Conclusions 
The exceptional ability of a SUW for nutrients and pathogens removal within the 
context of the parameters of this study has been fully confirmed.  Results of one month of 
sampling indicate that wetland 1, which was planted with Canna, achieved a removal 
efficiency of 97.1 %, 98.3 %, 99.98 % and 100.0 % in total nitrogen (TN), total phosphorus 
(TP), fecal coli and E.Coli, respectively. The denitrifiers in PC medium of wetland 1 
increased even more than three times. In general, SUW wetland wastewater treatment 
technology not only is a good choice in terms of ecology and aesthetics, but also shows off its 
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outstanding advantages among other candidates of wastewater treatment technologies in the 
engineering point of view ---- performs better than a traditional septic tank system with a 
recirculation filter tank for nutrient removal (Hossain et al., 2009). 
41 
 
CHAPTER 3: DYNAMIC SIMULATION MODEL 
3.1. Introduction   
With a variety of wetland systems being applied successfully at the field scale, the 
design models of constructed wetland with systems dynamics characteristics have gradually 
gained growing attention during the past decades. The term, Residence Time Distribution 
(RTD), characterizing chemical reactors was first proposed by Danckwerts (1953), which was 
oftentimes used to discuss the type of mixing in constructed wetland. The RTD function is 
generally measured by injecting an impulse of tracer and measuring the tracer concentration as 
a function of time at interior wetland points as well as the outlet. Many wetland systems were 
modeled as a number, N, of stirred tank reactors in series. In fitting experimental data, the form 
for the Tanks-In-Series model (TIS) is given by (Kadlec and Knight, 1996). 
                        RTD = 
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                (3.1) 
Equation (3.1) can be considered as single continuous stirred tank reactor (CSTR) when N=1 
and the plug flow reactor (PFR), N=∞.  
In the earlier stage of designing the treatment model, the constructed wetland was 
considered as a “black box”. Scientists focused on the influent and effluent concentration and 
fit the result with the designed linear or power equation to build the relationship between them. 
Table 3.1 shows the regressions for wetland nitrogen and phosphorus removal of SSF wetlands 
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(Kadlec and Knight, 1996). This kind of model was considered to over simplify the constructed 
wetland treatment system, which has an extremely complicated physical, chemical and 
biological process. Not only the influent concentration and hydraulic retention time (HRT) but 
also hydrodynamic conditions, such as wetland dimension, porosity and conductivity of media 
can affect the removal efficiency of  pollutants of concern. Gradually, the first-order kinetics 
equation or Monod type equations were widely accepted and applied to replace the regression 
method. Kadlec and Knight (1996) had summarized the equations during the initial period of 
modeling the constructed wetland.   
 
Table 3.1 Regression models for wetland nitrogen and phosphorus removal (Kadlec and Knight, 1996) 
Parameters  Regression equations  
Organic N C2=0.1C1+1.0 
Ammonium N C2=0.46C1+3.3 
Nitrate N C2=0.62C1 
Total Kjeldahl Nitrogen (TKN) C2=0.752C1
0.821
q
0.076
 
TN C2=0.46C1+0.124q+2.6 
Phosphorus C2=0.51C1
1.10
 
Note: C2= concentration at the outlet; C1= concentration at the inlet; q= hydraulic loading rate 
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Table 3.2 Parameter and corresponding formula of modeling the constructed wetland (Kadlec and Knight, 
1996) 
Parameter Formula 
Nitrifier growth rate 
(uNITR) 
  )
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Note: KDENITRN = denitrification half-saturation constant, mg/L  
 KORGC = organic nitrogen half saturation constant, mg/L 
 kON, kAN = first–order organic nitrogen, ammonium loss rate, g/m
2
/yr 
CAN, CDO, CNN, CORGC, CON = concentration of ammonium, dissolved oxygen, nitrite+nitrate, 
organic carbon, organic nitrogen, mg/L  
CANi, CONi = inlet concentration of ammonium nitrogen, organic nitrogen, mg/L  
CON
*
 = background concentration of organic nitrogen, mg/L   
Q/A = hydraulic loading rate  
Tunçsiper et al. (2006) simulated removal efficiencies of nitrogenous pollutants in 
SSF and FWS constructed wetland systems.  Two types of the models (first-order plug flow 
and multiple regressions) were used to evaluate the system performances. Nitrification, 
denitrification and ammonification rate constants values in SSF and FWS systems were 0.898 
d
-1
 and 0.541 d
-1
, 0.486 d
-1
 and 0.502 d
-1
, 0.986 d
-1
 and 0.908 d
-1
, respectively. They found 
that the first-order plug flow model clearly estimates slightly higher or lower values than 
observed when compared with the other models. Jou et al. (2008) tried a constructed wetland 
for restoring a creek. The ecological treatment system removed 64.0% of suspended solids 
(SS), 43.0% of biochemical oxygen demand (BOD), and 11.0% of ammonia nitrogen. A 
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first-order biokinetic model was used to estimate the reductions of BOD and nitrogenous 
biochemical oxygen demand (NBOD). They found the first-order biokinetic model appears 
useful for estimating BOD and NBOD reductions in a constructed wetland. However, the 
fatal limitation of the first-order kinetics is that the constructed wetland system needs to keep 
the same flow rate, concentration and ideal plug flow. To make the dynamic modeling of the 
constructed wetland processes more acceptable and flexible, Pastor et al (2003) proposed the 
design optimization of constructed wetland for wastewater treatment by combining a first 
principal model and an artificial neural network (ANN), which has a main advantage for 
better representing highly no-linear multi-input/multi-output system. Tomenko et al (2007) 
compared multiple regression analysis (MRA) and two artificial neural networks 
(ANN)-multilayer perceptron (MLP) and radial basis function network (RBF) in terms of 
their accuracy and efficiency when applied to prediction of the biochemical oxygen demand 
(BOD) concentration at effluent and intermediate points of subsurface flow constructed 
wetlands. The dataset was normalized and transformed using principal component analysis 
(PCA) to increase the efficiency of the modeling. Artificial neural networks models were 
eventually cross-validated to find optimal network architectures and values of training 
algorithm parameters. Both MRA and ANN models were found effective to provide an 
efficient and robust tool in predicting performance of constructed wetland. Both MLP and 
RBF produced the most accurate results indicating strong potential for modeling wastewater 
treatment processes. 
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The models mentioned above just provide a limited understanding of specific items, 
which were even separately analyzed. The mechanistic approach for modeling constructed 
wetland systems has been highly regarded by people who need insight of the whole wetland 
treatment process. Wynn and Liehr (2001) developed a mechanistic compartmental simulation 
model, which included six linked submodels: the carbon cycle, the nitrogen cycle, a water 
balance, an oxygen balance, autotrophic bacteria growth, heterotrophic bacteria growth. 
Darcy‟s law was used to describe the flow through the media. The wetland was regarded as 
either a single continuously stirred tank reactor (CSTR) or a series of CSTRs instead of plug 
flow reactors, which was considered to be a better reactor model for simulating non-ideal plug 
flow. Monod kinetics was utilized to describe microbial growth rate. Transformations, such as 
nitrification and denitrification, were then linked directly to microbial growth. Phosphorus and 
Total Suspended Solid (TSS) removal, generally not dependent on microbial interactions, were 
not modeled. In general, except for the oxygen, the result of effluent BOD, organic nitrogen, 
ammonium and nitrate concentration fit the model well.  
Langergraber (2001) presented a multicomponent reactivetransport module CW2D 
to model the biochemical transformation and degradation processes in SSF CWs. The 
mathematical structure of CW2D is based on that of the ASMs (Henze et al., 2000). The 
CW2D consisted of twelve components, nine process and forty-six parameters. The 
HYDRUS-2D was incorporated by using Richard equation to describe the variably saturated 
water flow conditions. Water uptake by plant roots was accounted as a sink term in the flow 
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equation. The components consider ammonium, nitrite, nitrate and nitrogen gas; dissolved 
oxygen; organic matter; inorganic phosphorus; heterotrophic and two species of autotrophic 
microoranisms. The rates of the biochemical elimination and transformation precesses is 
described using Monod-type of equation. Recently, Giraldi et al. (2009) developed a 
mathematical model (FITOVERT) to analyze the hydrodynamics of a one-dimensional 
vertical flow CW under three different saturation conditions: complete saturation, partial 
saturation, and complete drainage by dosing rhodamine WT in steady state conditions. 
Richards equation was used for modeling the variably saturated conditions, while van 
Genuchten-Mualem functions was used to describe the relationships between pressure head, 
hydraulic conductivity, and water content. In particular, the porosity reduction due to bacteria 
growth and accumulation of particulate component (i.e. clogging process) can be simulated 
by FITOVERT. However, the complexity of the latest generation model gradually deters the 
public prevalence of the CW model use. Massive complicated partial differential equation let 
the CW engineer flinch, which ties up the development of CW design and operation. The 
limited useful results from real practice further retard the calibration and optimization of the 
theoretical modeling work. To break this vicious cycle, some intuitive and accessible model 
should be developed to fit the gap. The objective of this research is to develop a simplified 
compartmental dynamics simulation model of subsurface upflow constructed wetlands to 
provide a dependable reference and tool for design of SUW, a competitive candidate of 
on-site wastewater treatment technologies. 
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3.2. Development of A Dynamics Model  
System dynamics, being designed based on system thinking, is a well-established 
methodology for studying and managing complex feedback systems. It requires constructing 
the unique “causal loop diagrams” or “stock and flow diagram” to form a system dynamics 
model for applications (Forrester, 1961, 1968; Randers, 1980; Vizayakumar and Mohapatra, 
1993). System dynamics modeling has been used to address practically every sort of feedback 
system the application matrix has covered several issues, including environmental impact 
analysis of coalfields (Vizayakumar and Mohapatra, 1991, 1993), lake eutrophication 
assessment (Vezjak, 1998), pesticide control (Ford, 1999), wetland metal balance (Wood and 
Shelley, 1999), groundwater recharge (Abbott and Stanley, 1999), lake watershed 
management (Guo et al., 2001), river pollution control (Deaton and Winebrake, 2000), and 
solid waste management (Mashayekhi, 1993, Sudhir et al., 1997,  Karavezyris et al., 2002, 
Dyson and Chang, 2005). STELLA

 was used to develop the mathematical model for the 
SUW in this study to address mechanistic processes. STELLA

 is quite accessible graphical 
programming dynamic simulation software, which shows a very friendly intuitive icon-based 
graphical interface. As icons of stock and flow are drawn on front canvas layer, model 
equations are automatically generated on the equation layer beneath. Simulation runs can be 
carried out entirely along the prescribed timeline. Results can be 
presented via graphs, tables, animations with the running simulation.  
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3.2.1. Conceptual Model  
There are five main nitrogen transformations in constructed wetlands.  
a. Organic nitrogen to ammonium nitrogen (ammonification or mineralization). Organic 
nitrogen cannot be uptaken by plants but is gradually transformed to ammonium (NH4
+
):  
23222 2 CONHOHCONHNH                         (3.2) 
              OHNHOHNH 423                   (3.3) 
b. Ammonium nitrogen to nitrate nitrogen (nitrification). In aerobic oxidized condition, 
ammonium transforms to nitrate (NO3
-
) through the process of nitrification in two steps by 
ammonia oxidizing bacteria (AOB): 
energyHOHNOONH   42232 2224                    (3.4) 
By nitrite oxidizing bacteria (NOB): 
energyNOONO   322 22                             (3.5) 
When there is adequate oxygen available, nitrification can also occur in the oxidized 
rhizosphere of plants. 
c. Nitrate nitrogen to gaseous nitrogen (denitrification).  Denitrifiers use the oxygen from 
NO3
-
 instead of O2 to convert NO3
-
 to nitrogen oxide and nitrogen gases (N2).  
22236126 2664 NOHCONOOHC                      (3.6) 
d. Nitrate or ammonium nitrogen to organic nitrogen (immobilization).  Microorganisms in 
soil decompose plant residues by using nitrate and ammonium nitrogen when residues have 
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high C/N ratio. Since the plant grew well and had no residue in late summer, this part of 
nitrogen transformation can be ignored.  
e. Ammonium nitrogen to ammonia gas (ammonia volatilization). NH4
+ 
in Soils can be 
absorbed by plants through plant root systems or converted to NH3 gas through volatilization in 
pH > 8, a common occurrence in FS constructed wetland with algal covered. Thus, this type of 
nitrogen transformation is also negligible due to the subsurface structure with neutral effluent. 
Assume that each media layer is a CSTR. Based on the above understanding, the 
conceptual model for nitrogen removal of SUW is shown in Fig. 3.1 below. 
 
 
 
 
 
 
 
 
 
Note: ON = Organic Nitrogen; AM = ammonification; NI= nitrification; DE= denitrification 
Figure 3.1 General conceptual model of nitrogen removal in SUW. 
 
3.2.2. Implementation of System Dynamics Model  
The stock and flow diagram of nitrogen removal in SUW using STELLA

 simulation 
program is presented in Fig. 3.2 in which the modeling structure follows the layered structure 
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fro nitrogen removal. Note that Table 3.3 below shows the description of symbols in the Fig. 
3.2 by taking the sand layer as an example. 
sand  ON
ON
PC ON
G ON
sand to PC ON
PC to G ON
Outflow NO2 and NO3 ug per l i ter
r d  s and
~
r a  s and
r n  PC
~
r d G
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Figure 3.2 Flow diagram of nitrogen removal model 
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Medium 
Sand Medium 
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Table 3.3 Description of Symbols in Stock and Flow Diagram of Fig. 3.2 
 
Symbol Description 
“sand ON” ON (µg/day) in sand layer; 
“sand NH4” NH4 (µg/day) in sand layer; 
“sand NO2 and NO3” NO2
 
+NO3
 
 (µg/day) in sand layer; 
“sand AM” ammonification (µg/day) in sand layer 
“sand NI” nitrification (µg/day) in sand layer 
“sand DE” denitrification (µg/day) in sand layer 
“sand to PC ON” ON (µg/day) transfer from sand layer to PC layer 
“sand to PC NH4” NH4 (µg/day) transfer from sand layer to PC layer 
“sand to PC NO2 and NO3” NO2
 
+NO3
 
(µg/day) transfer from sand layer to PC layer 
“r a sand” ammonification rate (day-1)  in sand layer 
“r n sand”  nitrification rate (day-1) in sand layer 
“r d sand “ denitrification rate (day-1) in sand layer 
 
3.2.3. Model Equations  
The equations below are used to predict the organic nitrogen (ON), ammonia (NH3) 
and the sum of nitrite and nitrate (NO2+NO3). All flows and stocks are based on the 
concentration form (µg/L/day). Only plant uptake is a real and ultimate stock (Figure 3.2). 
The rest of nine stocks have their own outflow to reach a steady state condition. Thus, the 
value in stock can be represented as the concentration in a unit volume or a point (i.e. 
sampling port). Assume that flow rate decreased linearly due to the evapotranspiration with 
the increase of the water level. V is considered as the effective volume (product of volume 
and porosity) of each layer where water flows. The NO2+NO3 concentrations in all layers are 
so tiny that the NO2+NO3 uptake by plant is negligible. Fig. 3.3 shows the model equations 
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automatically generated in the Equation interface of STELLA

 with the measured data as 
initial value.  While some of parameters can be assigned by values directly, the rest of them 
need to be measured or assumed so that they may be determined holistically via the model 
calibration stage as summarized by Table 3.4.   
dON/dt = aout
out
out
in
in
in rON
V
Q
ON
V
Q
                           (3.7) 
      dNH4/dt = pnaout
out
out
in
in
in rrrNH
V
Q
NH
V
Q
 44  (only in G media layer)      (3.8) 
d(NO2+NO3)/dt = dnout
out
out
in
in
in rrNONO
V
Q
NONO
V
Q
 )()( 3232         (3.9) 
         
 
 
Figure 3.3 Model equations related to “sand ON” stock 
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Table 3.4 Description of parameters in SUW model 
Parameter Description  Rate equations Values Source 
Ka 
Ammonification 
constant 
r a = kaCON optimized 
Beran and 
Kargi, 2005 
Gp Plant growth rate r p = iNPgp 0.5 Yi et al, 2009 
iNP Plant N content r p = iNPgp Measured Yi et al, 2009 
Nu  
Nitrosomonas 
growth rate 
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   optimized 
Kadlec and 
Knight,1996 
NY  
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yield coefficient 
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Mayo and 
Mutamba, 
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3.3. Result and Discussion 
3.3.1. Model Calibration  
Wetland 1 was selected to develop the model. Since we assume a constant rate of 
plant growth, the third run considered to have the average rate of plant growth was used to do 
the model validation in the next subsection. The average value of results from other three 
runs and the hydraulics values listed in Table 3.5 were used to calibrate the SUW nitrogen 
removal dynamic model. Runge-Kutta 4 was used as the integration method. The nitrification 
has a wide range of optimum pH of 7.0 to 9.5. The pH below 7.0 adversely effects on 
ammonia oxidation (Lin, S. D. et al, 2001). Besides, the empirical formula is valid for water 
temperatures between about 5 and 30 
o
C. The expression of nitrification rate was finally 
reorganized as Eq. 3.10. The parameters related to rate of ammonification, nitrification and 
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denitrification were optimized based on the values in Table 3.6. The correlation between the 
measured and simulated values of organic nitrogen (ON), ammonia (NH3) and the sum of 
nitrite and nitrate (NO2+NO3) is shown in Fig 3.4. The slope of the regression line was 
0.9791, and the correlation (R
2
) was 0.9998, which supports the model calibration. 
                                                                        
                                      (3.10)                                        
 
 
 
 
 
 
 
 
 
 
 
Table 3.5 Hydraulics values used in SUW model 
 
 
 
 
 
 
 
 
 
 
 
Parameters Description Values 
Qin Inflow rate 113.4 L/d 
Qsand Flow rate out of sand layer 93 L/d 
Q PC Flow rate out of PC media layer 52 L/d 
Qout Outflow rate 31.5 L/d 
Φg Porosity of gravel 0.34 
Φs Porosity of sand 0.43 
ΦPC Porosity of PC media 0.42 
ΦG Porosity of G media 0.50 
55 
 
 
Table 3.6 Rate equations of ammonification, nitrification and denitrification in model settings 
 
Rate equations Unit 
 In sand 
layer  
In PC media 
layer 
In G media 
layer 
ka r a = kaCON day
-1
 0.08 0.42 0.28 
N
N
Y
u  
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N
N C
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u
)
3.1
(rn
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Figure 3.4 Correlation between the measured and simulated values in model calibration 
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3.3.2. Model Validation  
The experimental data for third run (Table 3.7) was used for model validation. The 
correlation between the measured and simulated values is shown in Fig. 3.5. The slope of the 
regression line was 0.9532 and correlation (R
2
) was about 0.9644, which showed the model 
validation, corroborating previous data shown in Table 3.6. The ammonification rate constant 
(ka) in PC media increased up to fivefold compared with that in sand layer. The 
denitrification rate constant in PC media is 30% more than that in sand layer and three times 
as much as in G media. May et al. (1990) found that most nitrifiers were associated with roots 
rather than the gravel layer. Similarly, we found higher specific yield of nitrification rate 
(uN/YN) in G media, which is the root zone layer. 
Table 3.7 Temperature, pH and Dissolved oxygen value used in model validation (the third run) 
 DO (mg/L) pH (unitless) Temperature (
o
C) 
Sand layer 3.02  7.77 32.23 
PC layer 2.68 7.40 32.37 
G layer 2.73 7.44 33.04 
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Figure 3.5 Correlation between the measured and simulated values in model validation 
3.3.3. Sensitivity Analyses 
 The exceptional ability of wetlands for nutrients removal in our study has been 
fully confirmed. However, the wetland 1 just treated the wastewater with the loading of 113.4 
liters per day (30 gallons per day), which is smaller than the amount of wastewater produced 
from most common family people might wonder how the SUW work with higher loading to 
fully meet the requirement of household wastewater treatment. In such a case, the superiority 
of the dynamic simulation model manifested. A new wastewater loading number input and a 
gentle press on “run” button relieves all the effort to manually increase the wastewater 
loading into wetland and collect the water samples for analyses. 378 liters per day (100 
gallons per day), 576 liters per day (200 gallons per day), 1134 liters per day (300 gallons per 
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day), and 1512 liters per day (400 gallons per day) were input as the inflow rate into the 
model interface, all the parameter were kept the same as used in model calibration. The 
concentration of organic nitrogen (ON), ammonia (NH3) and the sum of nitrite and nitrate 
(NO2+NO3) from the outlet were shown as followed. 
 
 
 
 
 
 
 
 (a) 
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(b) 
(c) 
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Figure 3.6 Effluent quality of different wastewater loadings: a) 378 liters per day (100 GPD), b) 756 liters 
per day (200 GPD), c) 1134 liters per day (300 GPD) and d) 1512 liters per day (400 GPD) 
With the flow rate of 378 liters per day, three forms of nitrogen increased with time 
for a fixed HRT. With the increase up to fourfold wastewater loading, the concentrations of 
NH3 and NO2 + NO3 increased with almost the same ratio. ON had a less increase after triple 
loading. With the loading of 1,512 liters per day, the concentrations of NH3, NO2 + NO3 and 
ON were less than 42 mg/L, 250 µg/L and 16 mg/L, respectively.  The NO2 + NO3 
concentration was still significantly below the maximum contaminant levels (MCLs) drinking 
water standard. With the wastewater loading increase, we can obviously see that the 
concentrations of nitrogen reach a stable level after the 2-day treatment. That is to say, the 
dimension of wetland had been overdesigned due to the remarkable nitrogen removal of the 
media. Half of original dimension is more than enough and to spare. The complexity of 
nitrification rate has significant influence on the model accuracy. Further sensitivity analyses 
especially for the nitrification rate may certainly help us understand the mechanism according 
(d) 
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to the nitrogen removal leading to modify the model up to a more sophisticated level in the 
future. Temperature (T), pH and Dissolved oxygen (DO), all of them are the variables of the 
nitrification rate equation. Certain ranges of these three parameters are introduced to examine 
how they individually work on the nitrification rate. 
As shown in Table 3.8, the nitrification rate is hardly affected by temperature.  
Instead, DO and pH value are critical for nitrification change. The lower level of DO resulted 
in an enlarged range of variation of nitrification rate presumably because of the Monod style 
expression. The G media layer had an extreme low DO value, 1.3 mg/L, which might explain 
the 31.18 % decrease of the nitrification rate. Slightly acidic wastewater with pH as 6.67 also 
might produce a decrease of 27.49 % in the nitrification rate.   
Table 3.8. Min and Max value of Temperature, pH and Dissolved oxygen and how much percentage they 
correspondingly influence the nitrification rate compared with the average value. (“+”, increase; “-”, 
decrease)  
 DO, mg/L pH, unitless Temperature (
o
C) 
 MIN MAX MIN MAX MIN MAX 
Sand layer 2.87  
(-5.16%) 
4.46 
(+6.70%) 
6.86 
(-11.66%) 
7.46 
(+0.00%) 
26.1 
(-0.35%) 
33.2 
(+0.01%) 
PC layer 2.24  
(-9.69%) 
4.56 
(+7.11%) 
6.81 
(-15.83%) 
7.35 
(+0.00%) 
25.5 
(-0.36%) 
33.6 
(+0.00%) 
G layer 1.3  
(-31.18%) 
3.77 
(+2.35%) 
6.67 
(-27.49%) 
7.4 
(+0.00%) 
26.3 
(-0.28%) 
33.1 
(+0.03%) 
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CHAPTER 4: CONCLUSIONS 
 
(1) The performance of an upflow subsurface constructed treatment wetland for 
treating on-site wastewater; 
The exceptional ability of wetlands for nutrient and pathogen removal in this 
research investigation has been confirmed in this research. During the one month test run, the 
planted subsurface upflow wetland system using green sorption media achieved a removal 
efficiency of 84.2%, 97.3 %, 98.93 % and 99.92%, compared to the control no planted 
wetland, 10.5%, 85.7 %, 99.74 % and 100.0 %, in TN, TP, fecal coli and E.Coli, respectively. 
In particular, the wetland 1, which was planted with Canna, achieved a removal efficiency of 
97.1 %, 98.3 %, 99.98 % and 100.0 % in TN, TP, fecal coli and E.Coli, respectively. 
 (2) The compliance to water quality standards by using an innovative sorption 
medium;  
Under the function of our innovative sorption media, half of effluent samples were 
below the EPA MCL standard which requires zero cfu of both fecal coliform and E.Coli for 
drinking water. all (NO3-N) and (NO2-N) concentrations wetland effluent were kept far below 
the USEPA Maximum Contaminant Level (MCL) standard of 10 mg/L of (NO3-N) and 1 
mg/L of (NO2-N). Although the vegetation uptakes a certain amount of phosphorus, known 
from the higher P concentration in W4 effluent, the overall TP removal in the wetlands was 
99.4 %, which fully demonstrated the strength of our green sorption media for phosphorus 
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removal. The mineral substance in gravel or sand layer and limestone in PC media might 
provide metal ions for precipitation. Besides, phosphorus accumulating organisms (PAOs) 
and other bacteria might attach on the surface of gravel, sand and designed media and remove 
phosphorus by a biological way under a built (A/O) condition. 
 (3) The overall role of the vegetation cover. 
In planted cell, canna and bulrush removed about 4.3% and 5.3 % of N, respectively. 
P uptake was much less than 1 % in each cell. The rhizosphere of the selected plants 
successfully built an anaerobic environment in the SUW under the synergism of an 
innovative upflow pattern and green sorption media. The finding further proves that the 
denitrification existed and was the dominant path for nitrogen removal. 
 (4) The evaluation of denitrifiers activity in designed sorption medium  
A certain amount of denitrifying bacteria is present in both the PC and G media. The 
quantity of denitrifying bacteria had a relative uniform distribution in the initial stage. After 
one-month period, denitrifying bacteria in PC and G media have significantly increased in 
almost all wetlands except P2. In particular, denitrifying bacteria in PC media of wetland cell 
1 increased about fivefold! Meanwhile, the cell 1 has the most quantity of denitrifying 
bacteria in G media, which is consistent with the most satisfying nitrogen removal efficiency 
of wetland cell 1. Moreover, the least amount of denitrifying bacteria exists in the G media of 
control cell.  
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(5) The feasibility of designed dynamic model related to nutrient removal  
A mathematical model is our initial attempt to describe the nitrogen removal process 
in the SUW by using STELLA program. The predicted and measured concentrations of the 
ON, NH4 and NO2 + NO3 in SUW were in good agreement. The ammonification rate constant 
(ka) in designed media (PC media and G media) increased up to fivefold compared with that 
in sand layer. The denitrification rate constant in PC media is 30% more than that in sand 
layer and three times as much as in G media. Higher specific yield of nitrification rate (uN/YN) 
was found in G media, which is the root zone layer. The vegetation with deeper root, which 
may reach the bottom of PC media is recommended to plant to further increase the DO and 
nitrification rate and uptake the NH3 during the initial period. The modified nitrification rate 
expression formula had been used in model validation and proved to be feasible. The 
Sensitivity analyses showed that current dimension of wetland can be halved. In short, the 
developed mathematical model in this study could provide a dependable reference and tool 
for design of constructed subsurface upflow wetland, a competitive candidate of on-site 
wastewater treatment technologies.  
Yet question about science still remains as to "What is the largest bearable nutrient 
and pathogen load of the SUW?", “Which biofilm denitrified faster, the biofilm on sorption 
media or biofilm on wetland plant rhizosphere?” and “What is the coupling mechanism 
among hydrodynamics, geochemical interactions and microbiological activity in such upflow 
subsurface wetlands?” Existing discrete sampling work or in situ sensor point measurements 
65 
 
just provided limited data and a rough scale about stream pattern and pollutant removal 
process. Affordable sensor architecture is required to obtain adequate data to support 
predictive models. Even so, a number of barriers still facing subsurface research are 1) 
uncertainties of ambient environment; 2) non-ideal transport of contaminants; 3) deficient 
knowledge about sorption reactions, chemical equilibrium and nature of contaminants 
sorption or release from media. Attemping measured data seems the only valid way to 
calibrate the model and finally sketch out the dynamic diagram in the underground world. 
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APPENDIX: SUMMARY OF TECHNICAL PLANNING, DESIGN AND 
MAINTENANCE 
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The last aspect needs to be discussed is the practical operation and maintenance 
requirements of such a wetland system, as well as the associated costs compared with other 
conventional wastewater treatment. Construction costs will vary due to the variations in 
system sizes and configurations. The cost for construction of one wetland system including 
the mold, liner, gravel, green sorption media and planted vegetation could be as low as 
$1,000-$2,000 each household with 3-4 bedrooms. As a prime advantage of wetlands, lower 
operation and maintenance is required against traditional wastewater treatment systems. Since 
the wetlands system including header pipe, even distribution box, distribution pipe, flow meter, 
several manual valves and four wetland cells is a gravel-filled gravity distribution system, it 
requires no electrical energy. The green sorption media may be in continuous use of each cell 
for 1-2 decades without replacement based on a sorption isotherm (Chang et al., 2009). Thus, 
the operation and maintenance fees per year may be the same as the electricity fees for dosing 
the wastewater from the distribution tank to all wetland cells. Plant species need to be 
harvested periodically, possibly once a year: Some may be appropriate raw materials for 
backyard composting.  
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Residence time  About 6 days  
Loading rates  24.4 L/day/m
2
 
Dose frequency  About 14 L pumped at a time  
Density of plant species 7-8 plants per m
2
 
Dependence of technology on 
media treatment  
Sand can act as a polishing to filter the fine 
particle from septic effluent and help remove 
pathogen, PC media plays a main role for nutrient 
removal, G media works the support for vegetation 
root and build an econiche. 
On-going monitoring, 
maintenance, and management 
requirements  
Lower maintenance compared to other 
technologies. Low energy inputs; 
Yearly to quarterly maintenance: vegetation 
harvest and inspection of component, flow meters 
Removal of pathogens and 
nutrients  
Fecal coliform removal 99.13%; E.coli removal 
99.94%; Ammonia nitrogen removal 76.2%; TN 
removal 73.9%; TP 94.6 % removal; 83% 
reduction Removal of BOD removal 
costs 
Site evaluation and design: Depends on contractor;  
The cost for construction of four wetland cells 
including the wooden mold, impermeable liner, 
gravel, green sorption media and planted vegetation 
could be as low as $1,000-$2,000 per household 
with 3-4 bedrooms. Piping system with septic tank 
could additional cost $3000-$5000.  
 
Life cycle 
Repair and replacement: The green sorption media 
may be in continuous use of each cell for 1-2 
decades without replacement based on a sorption 
isotherm (Chang et al., 2009). 
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